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Abstract 
Pressure is one of factors influencing leakage in water networks [1][2]. In this study, the FAVAD concept and leakage number 
were analysed for a number of real water network pressure management zones in the KwaDabeka Township in KwaZulu-Natal, 
South Africa Pressure-leakage parameters were determined for each pressure management zone. Results show that the FAVAD 
equation and leakage number provides useful insights into the behaviour of real networks. The analysis identified certain anomalies 
in the parameters of some networks, especially those with N1 values greater than 1.5. A number of potential reasons for the observed 
anomalies are provided.  
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Organising Committee of WDSA 2014.  
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1. Introduction 
It is generally accepted that pressure is one of the major factors influencing leakage in water distribution systems 
and that the area of leaks increase with increasing system pressure [1][2].Knowledge and an understanding of pressure-
leakage relationship are essential to planning pressure management and leakage reduction programmes,. Various 
laboratory and experimental studies on pressure-leakage relationship [3][4][5][6] have shown that values below and 
higher than the theoretical orifice exponent of 0.5 are possible. 
Although many field studies with leakage exponents substantially higher than 0.5 have been listed in publications, 
only a few of such studies have been reported in detail, particularly in peer-reviewed journals.  
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This paper reports on the results of a pressure-leakage relationship analysis conducted on several pressure 
management zones in the KwaDabeka Township in KwaZulu-Natal, South Africa.  
 
Nomenclature 
MNFa [m3/h] Minimum night flow after pressure control 
MNFb [m3/h] Minimum night flow before pressure control 
Lm  Length of main 
Nc   Number of connection 
N1  Leakage exponent 
LN  Leakage number 
݉௦  Sum of pressure-head area slope in a water distribution system 
ܣ଴௦  Sum of leakage area in a water distribution system 
AZP  Average zone pressure 
2. Background  
A leak in a pipe through a hole or crack can be considered as flow through an orifice, an orifice is defined as “an 
opening with closed perimeter and of regular form through which water flows” [7]. The hydraulics of orifices is well 
understood and a fair amount of research has been conducted on different orifice shapes and conditions, for instance, 
see [8]. In Torricelli's equation (1), the velocity through an orifice is expressed as: 
2v gh    (1) 
Where v is the theoretical velocity (m/s); g is acceleration due to gravity (m/s2) and h is pressure head (m). 
 
The actual flow rate through an orifice is obtained by incorporating the orifice area (A) and flow coefficient Cd 
into the equation:  
2dQ C A gh    (2) 
In practice it has been found that the orifice equation does not provide a satisfactory model for the behaviour of 
system leakage with pressure [9]. A more general leakage equation is widely used in practice, in the form of:  
1NhQ C    (3) 
Where Q is the leakages flow rate; C is the leakage model coefficient and N1 is the leakage model exponent. 
The values of leakage exponent ranging from 0.5 to 2.79 have been reported from experiments and field studies, 
and sometimes even values below 0.5 are reported [4][5][6][10][11][12][13][14]. Four factors which are the possible 
cause for this variation on leakage exponents since they affect pressure and leakage, they include pipe material 
behaviour, leak hydraulics, soil hydraulics and water demand [1]. A further factor that should be considered is the way 
that individual leaks will respond in different ways to changes in pressure, and how these changes in combination 
affect the way the total water distribution system leakage responds [9]. 
In another study, finite element modelling was used under the assumption of linear elastic behaviour confirmed 
that the areas of various types of leak openings (round holes and longitudinal, circumferential and spiral cracks) 
increased linearly with pressure in different pipe materials and under different pipe loading conditions [15]. Another 
study showed that when pipe material behaves in an elastic fashion, the leak area variation with the head is linear, 
whereas other formulations are needed when elastoplastic or viscoelastic materials are used [16].  
The linear increase in leak area due to an increased pressure can be written as:  
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 0hA h m A    (4) 
Where h the pressure head, A the leak area, A0 the initial leak opening without any pressure in the pipe, and m the 
slope of the pressure head-area. Replacing equation 4 in equation 2 this in results in the FAVAD (Fixed and Variable 
Area Discharges) equation, introduced by May [17]:  
 0.5 1.502d h hQ C g A m    (5) 
Van Zyl and Cassa (2014) investigated the relationship between the conventional (equation 3) and FAVAD 
(equation 5) equations, and introduced a new dimensionless Leakage Number (LN) as the ratio between the variable 
and fixed portions of leakage in the FAVAD equation [18]: 
0
N
hL mA    (6) 
They were then able to link the conventional and FAVAD equations using the leakage number and the equation: 
1 0.5
1.5 1N
NL
N

    (7) 
This relationship is shown graphically in Fig. 1.  
 
 
Fig. 1: The relationship between the leakage exponent (N1) and leakage number (LN) for different m/A0 ratios [18]. 
Finally, Schwaller (2012) showed that if the FAVAD equation is used to describe the behaviour of a system of 
leaks (i.e. determined by m and A0 in Equation 5) instead of the conventional leakage equation. The m and A0 obtained 
provide good estimates of the sum of the individual leak A0 and m values in the system respectively. The FAVAD 
parameters estimated for a whole water distribution system are denoted by A0S and mS [19]. 
3. Study Area 
The location of the study area is in the Province of KwaZulu-Natal in a township called KwaDabeka, which is part 
of the eThekwini Metropolitan Municipality. KwaDabeka has been developed as a result of the formal upgrading of 
informal settlements on large tracts of public-owned land. Informal settlements are abundant in certain parts of 
KwaDabeka. These are found on some of the steeper slopes in the area [20]. 
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KwaDabeka has a patchwork settlement pattern ranging from high density urban hostels, to informal settlements, 
in-situ upgrades and planned suburban housing layouts. Water users in KwaDabeka Township are low to middle 
income earners. Fig. 2 shows pressure management zones (PMZs) of KwaDabeka East and North. 
The system consists of 12 pressure management zones (PMZs) with system characteristics as shown in Table 1.  
 
 
Fig. 2: Six of the 12 pressure management zones in KwaDabeka 
Table 1: KwaDabeka water distribution system characteristics 
DV Number PRV Name Population Length of Mains (km) No. of Connections System Input Volume  
(before pressure management) 
(m3/day) 
      
DV3361 KWD1-24 1985 7.67 403 1298.3 
DV3367 KWD1-5 1560 4.74 312 652.2 
DV3193 KWD3-3 2125 7.41 425 486.7 
DV3306 KWD1-1 4930 14.95 986 687.8 
DV2820 KWD3-5 1135 5.96 229 274.6 
DV3197 KWD3-2 670 2.08 138 120.6 
DV3307 KWD1-2 715 1.86 143 107 
DV3194 KWD3-4 600 2.48 120 81.7 
DV3199 KWD3-1 885 3.49 177 170 
DV3315 KWD1-11 536 3.02 134 180.3 
DV3368 KWD2-1 1000 3.83 250 419.9 
DV3195 KWD3-6 200 0.47 40 27.5 
1541 M. Deyi et al. /  Procedia Engineering  89 ( 2014 )  1537 – 1544 
3.1. Tables 
Pipe material and diameter distributions of selected PMZs in the study area are shown in Fig. 3, 4 and 5. It can 
be observed from the figures below that the dominant pipe material is plastic, followed by asbestos cement. Pipe 
diameters range from 25mm to 200mm. 
 
 
Fig. 3: Pipe materials distribution in some of KwaDabeka pressure management zones 
 
Fig. 4: Flow data measured before pressure control over a period of seven (7) days adapted from PMZ DV 3193 [21] 
 
Fig. 5: Flow data measured after pressure control over a period of seven (7) days adapted from PMZ DV 3193 [21] 
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3.2. Data logging 
Data was logged over a period of seven (7) full days at 15-minute intervals in each PMZ to get an overview and 
pattern of flow and pressures in the system. The parameters logged included the flow rate, pressure upstream and 
downstream of the pressure reducing valve (PRV). Data was logged at both the highest and lowest points in each 
PMZ. Other low pressures points observed in each PMZ were also logged as required. Typical logged flow and 
pressure data for a PMZ are shown in Fig. 5 and 6 respectively.  
3.3. Calculations 
Average system flow rate, upstream pressure, downstream pressure, average zone pressure and critical point at 
each time step (15 minutes) were calculated before pressure control and after pressure control over the entire periods 
of measurement. Minimum night flows were estimated from the logged data, typically between 1am and 3am. Average 
zone pressure (AZP) is a location in a PMZ considered to be representative of the average pressure in the zone, 
determined by weighting both pipe length and the elevations of nodes and connections. 
Table 2: Results from analysis and estimation of pressure-leakage and FAVAD parameters 
DV 
Number 
PRV 
Name 
MNFb 
[m3/h] 
MNFa 
[m3/h] 
AZP  
Before [m] 
AZP 
After [m] 
N1 ms C A0s LN 
DV3360 KWD1-20 75.9 47.4 83.0 64.7 1.89 0.0463 0.0179 -0.9474 -3.6074 
DV3361 KWD1-24 50.7 23.4 91.5 56.4 1.60 0.0216 0.0372 -0.1369 -11.6762 
DV3367 KWD1-5 23.9 11.5 77.9 31.8 0.82 0.0050 0.6823 0.5481 0.5041 
DV3193 KWD3-3 14.8 5.8 58.5 39.0 2.34 0.0182 0.0011 -0.3898 -2.2744 
DV3306 KWD1-1 21.8 16.1 85.7 74.2 2.10 0.0147 0.0019 -0.4395 -2.6690 
DV2820 KWD3-5 9.3 6.3 76.2 44.4 0.72 0.0013 0.4088 0.2702 0.2922 
DV3197 KWD3-2 3.4 1.5 99.2 50.2 1.20 0.0009 0.0136 0.0274 2.5061 
DV3307 KWD1-2 3.0 1.2 48.7 37.0 3.33 0.0069 0.0000 -0.1870 -1.5825 
DV3194 KWD3-4 2.5 1.1 51.7 26.9 1.26 0.0019 0.0176 0.0226 3.3059 
DV3199 KWD3-1 5.1 3.8 66.8 38.9 0.54 0.0002 0.5183 0.2045 0.0474 
DV3315 KWD1-11 3.1 2.3 56.1 36.1 0.68 0.0005 0.2028 0.1135 0.2193 
DV3368 KWD2-1 8.2 7.6 81.8 53.9 0.18 -0.0016 3.6762 0.4458 -0.2436 
DV3195 KWD3-6 0.7 0.3 69.4 25.9 0.86 0.0002 0.0183 0.0153 0.6241 
 
 
Fig. 6: N1 values for each pressure management zone. 
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4. Results 
Using the system parameters before and after implementation of pressure management, the leakage coefficient (C) 
and exponent (N1) for each PMZ were determined. In addition, the FAVAD equation was used to estimate the sum 
of the individual leak areas (A0S) and of head-area slopes (mS). From the FAVAD parameters and average zone 
pressure before and after pressure management, the leakage number LN for each system was also calculated. The 
parameters and results of pressure management in the different zones are summarised in Table 2. 
N1 values obtained for KwaDabeka pressure management zones are shown in Fig. 7. A value of N1 less than 0.5 
is observed. A large range of N1 values were obtained, from a minimum of 0.18 to a maximum of 3.33. 
 
 
Fig. 7: Leakage exponent (N1) vs leakage number (LN) 
When the leakage exponents (N1) were plotted against the leakage numbers (LN) it was noted that while some N1 
values below 1.5 plotted on the known relationship between N1 and LN (see Equation 7 and Figure 7), those with 
higher N1 values plotted on a completely different line on the left of the graph.  
On further investigation, the system leak areas A0S were also plotted against the leakage numbers (LN) as shown in 
Figure 8. The figure shows that all the systems with leakage exponents greater than 1.5 have system leak areas below 
zero, which is not physically possible.  
 
 
Fig. 8: Sum of leakage areas A0S vs leakage number (LN) 
The reason for this anomaly is yet unknown, but may be due to: 
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x measurement errors 
x plastic deformation playing a significant role in the leak behaviour 
x leaking zone boundary valves.  
 
While further work is required to understand this phenomenon better, the FAVAD analysis of whole PMZs may 
provide useful information on specific problems being experienced in water distribution networks. 
5. Conclusions 
This study investigated the head-area response of 12 pressure management zones in KwaDabeka in KwaZulu-
Natal, South Africa. A large range of leakage exponents were obtained. The study applied both the conventional 
equation and FAVAD leakage equations to the systems. It was found that for leakage exponents below 1.5, the same 
relationship between N1 and LN holds as for individual leaks. In addition, it was found that systems with larger leakage 
exponents plotted on another curved not previously known. Further investigation revealed that all systems with 
leakage exponents above 1.5 had negative system leak areas based on the FAVAD equation, which is not physically 
possible and may point to measurement error, plastic deformation or leaking boundary valves.  
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